Several genes for the variable region of immunoglobulin heavy chains (VH genes) have been isolated from human fetal liver DNA by using a cDNA plasmid probe containing a mouse VH sequence. The detectable VH genes are separated by [12] [13] [14] [15] [16] kilobases of DNA, and hybridization experiments show about 23 hybridizing VH genes in DNA of three different individuals. The complete nucleotide sequence of one of these human VH genes shows that it belongs to the human VHIII subgroup. The VH gene appears to contain an intervening sequence (104 bases in length) within a precursor sequence, between residues -4 and'-5. The precursor sequence is itself 19 codons in length. The 3' end ofthe V gene seems to be at codon 93 or 94, and this is followed by the conserved sequences C-A-C-A-G-T-G and G-A-CA--A-A-A-C-C. The presence of these sequences suggests that similar enzymatic mechanisms are involved in the integration of V genes in both heavy and light chains. Immunoglobulins are made of two types of polypeptide chain, the heavy (H) and the light (L) chains, and each of these chains has an NH2-terminal variable (V) region covalently attached to a COOH-terminal constant (C) region. The variability in the sequence of the V regions of antibodies is the feature that gives rise to the diversity of the antibody response, and an outstanding problem is the extent of inherited V gene diversity compared to additional diversity that may be generated by somatic means. In addition, as predicted by the two-genes-one-polypeptide hypothesis (1), the V genes are inherited as a separate set of genes that are linked to the respective C genes (2). In mouse K light chains it is clear that a set of VK genes exists as a separate unit from a CK gene; integration of one of the VK genes and the CK gene results in the functional K chain gene (3) (4) (5) . Nucleotide sequence data of VX (6) and VK (7-9) L chains has shown that the V gene sequence terminates at the codon for amino acid 96. The rest of the V region gene comes from one of a set of joining segments (JL). After VL-JL integration the fused V gene remains separated from the C gene by a large intervening sequence (4, 7-9). A further intervening sequence occurs within the precursor region of both VA and VK genes, and all these sequences are transcribed and subsequently removed from the nuclear RNA (10, 11 
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MATERIALS AND METHODS
The human fetal liver phage library was kindly given by T. Maniatis and was constructed by Hae III/AIu I digestion of DNA followed by the addition of EcoRI linker molecules and insertion into X Charon 4A (12) . Plaque hybridization (13) of the library was carried out after plating on Nunc bioassay plates (23 X 23 cm), using the nick-translated plasmid pg/107 (14) .
Restriction endonuclease mapping of purified positive phage was carried out by using single and double digests of EcoRI, Kpn I, Bgl II, Bst I, and Xho I, comparing sizes to those of the X Charon 4A host (15) , hybridizing, and determining the nucleotide sequence. Southern filter hybridization analysis (16) was carried out as described (17) (18) (19) . Nucleotide sequences were determined in M13 phage vectors (20, 21) , using the dideoxy chain termination method (22) . High molecular weight DNA was prepared from human placental nuclei or from whole cells of the acute lymphocytic leukemia line 160 (23) as described (4) .
These experiments were carried out under category I and category III containment conditions as specified by the Genetic Manipulation Advisory Group.
RESULTS

Isolation and characteristics of VH-containing clones
We have previously shown that mouse cDNA containing a VHIII sequence (clone ptu/107) will hybridize to the equivalent VHIII genes in human placental DNA (24) . This characteristic has been utilized in order to isolate clones containing human VH genes from the human fetal liver DNA phage library constructed by Lawn et al. (12) . Using standard methods of plaque screening (13), we obtained several clones that hybridized with the p,/107 cDNA clone (VH + C,); none of the VH-containing clones were found to hybridize with pu/118 [ (14) ]. Five of these clones were chosen for further analysis, and the partial restriction endonuclease maps of these clones are shown in Fig. 1 . The average size of human DNA in our isolated clones is about 18 kb. Two of the five genomic clones analyzed possessed two detectable VH gene segments, one with a spacing of approximately 12.5 kb (XVH56) and the other with a spacing of about 15 kb (XVH32). The remaining clones exhibited only one detectable VH gene: in these cases the largest stretch of DNA on either side of the V segment that did not contain a detectable V gene was about 16 kb.
The nucleotide sequence of the VH segment of the clone designated XVH26 has been fully determined; the segment has been assigned to the VHIII subgroup of humans (25) . The VH coding region of XVH26 was subcloned in the M13 phage vector to derive a clone called VH26-8 (see next section), and this was used as a probe for human VH genes in DNA prepared from three different individuals: human fetal liver DNA (from which the phage library was constructed), placental DNA, and DNA from a human cell line producing IgM derived from an acute lymphoblastic leukemia (23) . (19) . FL, human fetal liver DNA (the same DNA as that used for phage library preparation); P1, placental DNA; LL, acute lymphocytic leukemia DNA. Band a represents an approximately 14-kb band of fetal liver DNA and b an approximately 7-kb band of placental DNA. Size markers are EcoRI-digested X phage DNA. Autoradiography was for 7 days at -70'C, using prefogged film and an intensifying screen (28) . intensity with which various V genes appear to hybridize with the VH probe. Presumably this characteristic reflects a set of divergent VH genes, each hybridizing according to the degree of homology.
In previous experiments the mouse VHIII probe pgs/107 was used to assess the hybridization of human VHIII genes (24) . To establish that the same set of genes was observed with the mouse and human VH probe, DNA from a separate fractionation of the human placental DNA (digested with EcoRI) was hybridized with radioactive pg/lO7 DNA (mouse VHIII probe) (Fig.   2B ). Similar patterns of multiple EcoRI fragments are evident and the differential intensities of the various bands parallel the intensity observed with the human probe. The multiplicity of genes detectable with both the homologous VH probe (VH26-8) and the heterologous probe (p/107) is therefore approximately the same. Sequence of an isolated human VH gene In order to determine the structure of VH genes we have derived the sequence of the V segment and immediate flanking regions from XVH26 (Fig. 3) . Southern hybridization analysis of XVH26 had shown that the hybridizing V segment occurred in a 1.9-kb EcoRI fragment (unpublished data), and this fragment was cloned in the M13 phage vector to generate the clone VH26-8. The nucleotide sequence of the inserted DNA of VH26-8 was determined by using the dideoxy chain termina- tion procedure, utilizing first the universal primer adjacent to the M13 EcoRI site, and then by isolating a number of Hae III/Alu I double digestion primers from the double-stranded replicative form of the VH26-8 M13 phage. The sequence of VH26 readily fits into the VHIII subgroup (25) . No ATG initiation codon occurs near the first codon and, maintaining the reading frame, we see that at amino acid codon -4 an RNA splicing signal occurs. A second signal for splicing occurs 104 residues away, and the first in-phase initiation codon is then found at the equivalent residue, -19. At the 3' end of the V segment, the derived protein sequence fits with the typical VHIII sequence up to the codon for residue 93 [Kabat numbering (25) ]. After this a triplet for lysine occurs: this codon appears in only 3 out of 23 proteins whose sequences have thus far been determined. Two residues from this triplet occurs the sequence C-A-C-A-G-T-G and 21 residues from this occurs G-A-C-A-C-A-A-A-C-C. The presence of these sequences (analogous to ones found in mouse L chains and thought to be important for V gene integration) strongly suggests that the human VHIII genes end as distinct units at residue 93 or 94.
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Comparison of sequences at the 3' end of three different VH segments supports this conclusion (Fig. 4) . The sequences compared show that VH26 differs by five bases from VH52 between the codons for residues 79 and 93; only one difference results in amino acid variation. VH32 differs by three residues from codon 82A; one difference results in amino acid change. VH26 and VH32 both possess the triplet AAA at the codon position 94 compared to AGA in VH52, whilst VH32 has C at the next position compared to G in the other two. The C-A-C-A-G-T-G sequence is conserved in all three clones.
DISCUSSION
The results presented in this paper indicate that the VHIII genes of humans compose a unit of multiple repeating genes. No evidence of the C, gene was found in any clone obtained that contained a VH segment. We cannot at this time determine whether the cloned DNA contains VH genes of other subgroups interspersed with those of VHIII, although the simplest evolutionary model for the generation of multiple V genes would argue against this possibility. It seems, however, that the spacing of VHIII genes occurs at intervals of around [12] [13] [14] [15] kb. This spacing of the human VH genes is similar to that found for VH genes of mouse (29) , indicating similar origins of the set of genes in the human and mouse species.
One potential advantage to the study of human V genes is that subgroups are well defined and there are a large number of protein sequences available. The limited amount of base sequence comparison presented here (Fig. 4) indicates that we are dealing with related V genes with both silent base changes and those resulting in amino acid change. The nucleotides of VH26 and VH52 differ by about 7% in the whole region compared, and by about 9% in the coding region. Both these VH probes show identical hybridization patterns in Southern hybridization of human DNA (data not shown), and additionally the pattern of hybridization of the mouse VHIII probe essentially parallels the human probes [human XVH26 and mouse pt/107 differ by 13% of nucleotides up to codon 40 (24)]. Thus the comparative hybridization is analogous to the cross-hybridization of two related members of a subgroup.
The sequence of the human XVH26 (Fig. 3) shows we have isolated a V gene belonging to the human VHIII subgroup. When the most commonly occurring amino acids of the human -C-A-G-C-C-T-G-A-G-A-G-C-C-G-A-G-G-A-C-A-C-G-G-C-T- VHIII proteins whose sequences have so far been determined are compared, it is found that VH26 differs in 14 codon positions, of which 9 occur in the second complementarity-determining region (CDR2) and one in CDR1. The sequence of the human VH gene (Fig. 3) shows remarkable similarity to that of mouse VL genes (6) (7) (8) (9) . Particularly interesting is the DNA sequence at the 3' end of the V region segment. As in the case of the mouse VL genes, the VH segment ends, in undifferentiated DNA (i.e., in this case fetal liver), before the end of the V region predicted from protein sequence (25) . Specifically, three independent VH clones appear to end at the codon for amino acid 93 or 94 (Fig. 4) . Residues 93 and 94 both reside in the protein within framework 3 (FR3) at the junction with CDR3 (25) . This premature end of the VH genes implies the existence of JH segments in human DNA analogous to those of mouse L chains and H chains (6) (7) (8) (9) 30) . In the case of the H chain genes essentially all of CDR3 is outside the VH segment,
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a feature that contrasts markedly with the mouse L chains, in which a substantial part of CDR3 occurs within the V gene. This difference between H and L V genes implies that generation of diversity within this area of the two chains is likely to differ, and that the JH segmedts themselves play an important role. Recently data on mouse proteins have indicated that the JH region is split into D and J (31) . This possibly reflects a difference between the H and L chains in the exact mechanism of VH diversity production in this region. The existence of human JH segments is given more weight by comparison of the sequences immediately flanking the human VH genes and those associated with VL genes in mouse (Figs. 4 and 5 ). All three VH 3' end sequences presented in Fig. 4 show the nucleotides C-A-C-A-G-T-G, and this sequence is exactly that found in a similar position in four mouse K L chains (7) (8) (9) and differs in one residue from the sequence of mouse VA (6) . Fig. 5 also shows an area of less-well-defined homology occurring in the various 3' 
Proc. Natl. Acad. Sci. USA 77 (1980) flanking regions as a 10-nucleotide-long segment (consensus sequence G-A-C-A-T-A-A-A-C-C). The strict conservation of the sequence C-A-C-A-G-T-G (and to a lesser extent the conservation of the G-A-C-A-T-A-A-A-C-C) between species and between H and L chains argues very strongly for a functional significance for these sequences in V gene integration. In addition, it indicates that the enzymes mediating VL-JL and VH-DH-JH joining operate by similar processes. Fig. 5 further shows that, in the mouse K chains, the distance between the C-A-C-A-G-T-G and G-A-C-A-T-A-A-A-C-C homology boxes is either 11 residues or 10 residues (in one example), whilst in the two human VH sequences and the mouse VX1 the boxes are separated by 21 residues. It has recently been postulated that a relationship exists in which the DNA segments with "21-spacing" homology boxes integrate into segments with "11-spacing" but not 21 to 21 or 11 to 11 (32) . This functional relationship may also be conserved in the human H chain genes so that the 21-or 11-spacing of homology boxes may impose restrictions on the modes of integration. Another conserved feature revealed by the VH nucleotide sequence (Fig. 3) is the presence of an intervening sequence near the 5' end that splits a hydrophobic precursor region. No evidence of an ATG initiation codon can be seen immediately adjacent to the first codon of the V region proper, and the reading frame suggests a sequence Val-Gln-Cys (-3 to -1) beyond the Gln codon 1. The sequence next to the Val codon is C-A-G-G-T of which the C-A-G represents a splicing signal (33) and at a distance of 100 residues the next splicing signal G-G-T occurs. From this splicing position (between the G-G) and the previous C-A-G-G-T, a codon for glycine is created (G-G-T), the reading frame is reestablished, and the A-T-G occurs at codon -19 (i.e., the precursor region is 19 amino acids in length). The overall length of the intervening sequence is 104 bases and although it is different in size than the equivalent sequence of mouse VA and VK, the position of this intervening sequence is exactly the same. So far no function has been assigned to intervening sequences of this sort: the fact that the location of the sequences coincides in human and mouse L and H chains may be significant.
